Abstract-Volumetric left-handed metamaterials made up of an array of split-ring resonators (SRRs) and wires exhibit negative index of refraction in a very narrow bandwidth due to the resonant nature of SRRs. We investigate the possible bandwidth enhancement by adding resonances to the system using fractals. The operating bandwidth of the system is increased when the additional resonances are placed close enough to each other. The Sierpiński-carpet fractal pattern is chosen as the distribution for the SRRs. The principle is demonstrated through simulations, and prototypes are fabricated and tested to verify consistency with simulations.
INTRODUCTION
A volumetric left-handed metamaterial (LHM) exhibiting negative index of refraction at microwave frequencies is considered; it consists of arrays of wires and split-ring resonators (SRRs) [1, 2] . Wires and their variants provide negative permittivity over broad bandwidths that lie below their plasma frequencies [3] . However, SRRs and their variants provide negative permeability over narrow bandwidths due to their resonant nature [4] . Consequently, simultaneous negative permittivity and permeability for an LHM occurs in a narrow bandwidth (BW) dictated by the SRRs.
SRRs and RLC circuits exhibit similarities [5, 6 ]. An SRR is made of a ring that can be modeled as an inductor, and a split as a capacitor; the losses are modeled as a resistor. The incident and transmitted electric/magnetic fields for SRRs play the role of input and output voltages/currents in RLC circuits. Resonance characteristics of SRRs and RLC circuits are similar; losses are generally low and SRRs produce sharp resonances resulting in a narrow BW for LHMs.
SRR FRACTAL PATTERNS
To significantly alter the resonance frequency of an array of identical and uniformly distributed SRRs, either the individual dimensions of the SRRs or their spatial periodicity is modified [7] [8] [9] . We introduce SRRs of different sizes, analogous to adding parallel RLC branches to the original RLC circuit, to obtain new resonances in the system. When these resonances are designed to be close enough to each other, a wider BW is achieved.
SRRs of different sizes are introduced according to the Sierpiński-carpet fractal pattern (SFP). A unit cell of LHM consists of a unit cell of SRR(s) disposed according to the chosen fractal pattern on one face of the substrate and wires on the other face, as shown in Figure 1 . Each of these unit cells repeats itself in the same manner (fixed periodicity) to obtain a different LHM. In Figure 1 only has first order sub-squares; second order SFP has both first and second order sub-squares, and so on. A unit cell with one SRR achieves a single resonance, and a unit cell with SRRs of different sizes achieves multiple resonances for an LHM. SRRs of different sizes produce different resonances, and the order of the SFP gives the number of resonances in the system. Theoretically, an infinite number of sizes of SRRs can be placed within one unit cell. However, the intensity of transmission at the different resonances obtained from the SFP is different. Notice that for the second and higher order sub-squares, there is a disorder in their periodicity. Moreover, the disorder intensifies with increasing order of sub-squares. The disorder in periodicity of higher order sub-squares is caused due to the presence of lower order sub-squares. The presence of this type of disorder contributes to reduction in the intensity of transmission at the resonant frequencies associated with the disordered sub-squares [11] [12] [13] . The intensity of transmission at a resonance associated with SRRs of a certain size is inversely proportional to their order. Through simulations it was observed that increasing the order of the SFP beyond three is not advisable as the intensity of transmission at the corresponding resonances reduces by 10 dB or more compared to that of the first order. LHMs obtained from the first and second order SFPs are presented in this work.
SIMULATIONS
Simulations are performed using the commercial software, HFSS. An LHM is simulated in HFSS as follows: a unit cell of LHM is placed inside a box of air surrounded by two pairs of master/slave (linked) or periodic boundary conditions along directions perpendicular to the wave propagation direction, and two one-mode Floquet ports along the wave propagation direction to measure S-parameters. A unit cell of LHM with the aforementioned periodic boundary conditions simulates the behavior of an LHM that extends to infinity along directions transverse to the wave propagation direction. Furthermore, the wires and SRR(s) in a unit cell of LHM are defined as electrically-perfect conducting surfaces with no thickness (due to limited computational capacity).
Fractal LHMs
Three LHM designs are presented. Structure-1 (Structure-2), shown in Figure 1 (a) (Figure 1(b) ), follows the first (second) order SFP and has one (two) resonance(s). Structure-2 and structure-3 differ only in one dimension (g) of the SRRs, as labeled in Figure 1(c) . The dimensions of the SRRs of the three structures are shown in the table adjacent to Figure 1(c) .
The simulation results for structure-1 and structure-2 are shown along with their corresponding experimental results in Figure 6 . For structure-1, the pass band is centered at approximately 4.87 GHz with a −3 dB BW of 80 MHz. For structure-2, two main resonances are found, one at 4.84 GHz with a −3 dB BW of 60 MHz, and the other at 6.10 GHz with a −3 dB BW of 40 MHz. The SFP of structure-2 slightly disturbs the desired periodicities in the structure, thereby creating other (weaker) resonances.
Structure-3 looks similar to structure-2; however it operates with the two dominant resonances brought close to each other in frequency. Figure 2 shows the simulation results for structure-3, where both the main resonances are now located at about 5.25 GHz; the resultant −3 dB BW is 120 MHz, a 50% increase when compared to that of structure-1.
Reconfigurable SRRs
The capability to instantaneously change the resonant frequency of an LHM through reconfigurable SRRs is desirable, and more so when used in conjunction with fractals. Placing additional splits in the SRRs' rings shifts their resonant frequency [7, 8, 10] . Additional splits are introduced in the SRRs' rings, as shown in Figure 3 Figure 3(c) ). Notice that the resonances for the small and large SRRs have overlapping frequency ranges. Further optimizing this overlap allows the use of reconfigurable SRRs disposed according to a fractal pattern to obtain improved BW for all possible configurations in the enhanced operating frequency range of the LHM. Therefore there is scope for further investigation on the use of reconfigurable SRRs in the above stated manner.
EXPERIMENTS
To check the credibility of the results from simulations, two prototypes corresponding to structure-1 and structure-2 are manufactured; the corresponding simulations' results are experimentally verified. The prototype corresponding to structure-1 is referred to as prototype-1, shown in Figure 4(a) , and the one corresponding to structure-2 as prototype-2, shown in Figure 4(b) . A 1.61 mm thick Taconic TLY-5A double-sided substrate with a relative dielectric constant of 2.17±0.02 and copper thickness of about 35 µm makes a printed circuit board (PCB) slab. Each of the prototype LHMs is built by interleaving PCB slabs and foam slabs. SRRs on one face of a PCB slab and wires on the other are mechanically processed using a milling machine. Foam slabs are used to simulate air. Finally, all the PCB slabs of a prototype are carefully aligned with the foam slabs interleaving them and the whole structure is clamped and set-up for measurements. LPKF ProtoMat S62 milling machine delivering a resolution of up to 0.25 µm is used for mechanical processing. Six pieces of substrate and five pieces of foam are cut for each prototype. Each slab is 300 mm×112.5 mm and contains twenty four unit cells. Each prototype contains one hundred forty four unit cells: three unit cells in height, six unit cells in width and eight unit cells in length (along the direction of propagation). The arrangement of wires is identical for both prototypes and is shown in Figure 5 (a) with respect to the SRRs of prototype-1. Measurements are carried out inside an anechoic chamber to minimize interference. Figure 5(b) shows the experimental setup. The uniform plane wave required to illuminate each of the LHMs is approximately generated at the location of the LHM using a pyramidal horn antenna operating in the TE 10 mode with lowest recommended operating frequency of 3.95 GHz, which is less than the lowest resonance of the LHMs: 4.84 GHz. Each LHM is placed approximately 1.7 m from the transmitter, which is in the horn's farfield for all radiating frequencies. Each LHM is aligned to be symmetric about the central-axis, which is along the length of the LHM and also along the aperture-normal at the center of the horn's aperture. The receiver is an open waveguide. Each LHM is placed such that all the fields entering the receiver pass through the LHM. Non-conductive pedestals are used to support the transmitter/receiver to minimize interference.
Agilent 8510C vector network analyzer is used to measure the transmission (S 21 ) parameter. The measured/simulated transmission coefficient corresponding to prototype-1/structure-1 (prototype-2/structure-2) is shown in Figure 6 (a) (Figure 6(b) ). For prototype-1, the measured peak transmission is found to be centered around 4.8375 GHz. Measurements on prototype-2 reveal two dominant transmission peaks as expected: one centered around 4.785 GHz and the The most evident difference between the results from simulations and experiments is the transmission loss at the dominant resonances, and it is more significant in the experimental results. In simulations, perfect electric conductors are used for wires/SRRs, and air separated the PCB slabs. However, foam is used instead of air and wires/SRRs are made from copper in experiments. For better correlation between simulation and experimental results, real metallic sheets with a prescribed thickness should be modeled in the simulations. However, due to limited computational capacity, electrically-perfect conducting surfaces with no thickness (electrically-perfect conducting boundaries) are used in simulations. Simulations utilize a single unit cell along with periodic boundary conditions to avoid edge-effects. However, due to finite extent of the prototypes in experiments there is power loss from diffraction/scattering at their edges. Power loss is also present due to burrs around wires/SRRs from machining imperfections. Machining imperfections also cause additional transmission peaks in experiments, although they are at least 5 dB below the dominant resonances. For instance, a few slightly wider splits in SRRs' rings cause resonances at higher frequencies [7] ; in turn, the dominant resonance is also weakened. There is also discrepancy in the dominant resonance-BWs. Simulations use only a one-unit-cell-thick LHM along the direction of propagation due to computational limitations. However, experiments utilize an eight-unit-cell-thick LHM, and coupling among SRRs along the direction of propagation improves BW [10, 14, 15] .
CONCLUSIONS
The overall response of each fabricated LHM is consistent with simulations. Peaks of transmission occur at the design frequencies with about 99% accuracy and bandwidth enhancement is observed in volumetric left-handed metamaterials by introducing the Sierpiński-carpet fractal pattern. The possibility of designing reconfigurable LHMs for further improvement in the range of operating frequencies is also briefly discussed.
